Background/Aims: The increasing prevalence of ionizing radiation exposure has inevitably raised public concern over the potential detrimental effects of ionizing radiation on male reproductive system function. The detection of drug candidates to prevent reproductive system from damage caused by ionizing radiation is urgent. We aimed to investigate the protective role of taurine on the injury of mouse spermatocyte-derived cells (GC-2) subjected to ionizing radiation. Methods: mouse spermatocytes (GC-2 cells) were exposed to ionizing radiation with or without treatment of Taurine. The effect of ionizing radiation and Taurine treatment on GC-2 cells were evaluated by cell viability assay (CCK8), cell cycle and apoptosis. The relative protein abundance change was determined by Western blotting. The siRNA was used to explore whether Nrf2 signaling was involved in the cytoprotection of Taurine. Results: Taurine significantly inhibited the decrease of cell viability, percentage of apoptotic cells and cell cycle arrest induced by ionizing radiation. Western blot analysis showed that taurine significantly limited the ionizing radiation-induced down-regulation of CyclinB1 and CDK1, and suppressed activation of Fas/FasL system pathway. In addition, taurine treatment significantly increased the expression of Nrf2 and HO-1 in GC-2 cells exposed to ionizing radiation, two components in antioxidant pathway. The above cytoprotection of Taurine was blocked by siNrf2. Conclusion: Our results demonstrate that taurine has the potential to effectively protect GC-2 cells from ionizing radiation-triggered damage via upregulation of Nrf2/HO-1 signaling.
exposure and consequently pose a possible risk to health of human. While natural source of radiation is unavoidable, increasing the use of medical radiation, such as CT scan diagnosis and X-ray, inevitably increases public health risk concerns over exposure to low dose Ionizing radiation [1, 2] . The risk associated with exposure to ionizing radiation is almost as long as the ionizing radiation itself: ionizing radiation exposure can increase the risk of circulatory disease, lens opacity, cataracts and cancer [3] [4] [5] [6] .
It has been reported that the cells, highly proliferative and sufficiently oxygenated, are sensitive to ionizing radiation. The most radiosensitive organ systems are reproductive and gastrointestinal systems, bone marrow, muscle, skin, and the brain [7] . The testis, as one of the most radiation sensitive organs, can be significantly impaired by even low doses of radiation [8] . The reported dysfunctions include sperm chromosome aberrations [9] , motility decreased [10] , swimming behavior impaired [11] and testis weights decreased [12] . Spermatogenesis is a complex process involving a wide series of cellular events, ranging from spermatogonia, spermatocytes, spermatids and spermatozoa [13, 14] . GC-2 cells, early spermatocytes of mouse lines, have been applied to study the effect and mechanism of the environmental factors on male infertility [15, 16] . Ionizing radiation can affect the structure and function of spermatocytes, thus affecting the sperm formation process [17] .
The mechanism of ionizing radiation induced testicular toxicity is not fully understood, but findings from recent studies strongly demonstrate oxidative stress playing key roles in this pathophysiology [18, 19] . Increased oxidative stress, damaging to sperm DNA and sperm plasma membranes, can be detrimental to male infertility [20, 21] . Thus, an effective antioxidant may be an appropriate method of reducing the toxic side effects of ionizing radiation. Taurine is a major free amino acid present in most mammalian tissues and plays an important role in many physiological processes including detoxification, neuronal excitability, reproduction and immunity [22] . Taurine, as an endogenous antioxidant and a scavenger of the hydroxyl radical, may play a part in treating toxicity mediated by oxygen radical [23] . Many studies have demonstrated that Taurine has several pharmacological and biological properties including antioxidant, anti-fibrotic and elicited retinal toxicity [24, 25] . In addition, study has been reported taurine can be involved in male reproductive organs [26] and act as an antioxidant of sperm [27] . Thus, the primary target of the present research was to further investigate whether complementation of taurine can reduce the male reproductive system dysfunction caused by ionizing radiation.
The nuclear factor erythroid 2-related factor 2(Nrf2) is known to play a key role in the inhibition of oxidative stress [28] . Nrf2 prevents the cell from oxidative stress via antioxidant enzymes, particularly the HO-1 [29] . The previous study reported Nrf2 signaling was important to maintain resistance to irradiation [30] . However, no study has reported whether taurine can reverse ionizing radiation-induced injury in spermatogenic cells model through Nrf2/HO-1 antioxidant pathway. For this purpose, we chose the GC-2 cells as a model to evaluate whether taurine could protects GC-2 cells from ionizing radiation-induced damage and if this process was relevant with Nrf2/HO-1 antioxidant pathway activation.
Materials and Methods

Cell culture and irradiation
The mouse spermatocyte-derived GC-2 cells (GC-2 cells), usually used to define mechanisms involved in male germ cell malfunction, were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were cultured in DMEM high-glucose medium (Hyclone, Logan, UT, USA), containing 10% fetal bovine serum (Hyclone, USA), 100μg ml -1 streptomycin and 100 U ml -1 penicillin at 37 °C in a humidified incubator with an atmosphere of 5% CO2. The culture medium was replaced every two days, and GC-2 cells were sub-cultured by trypsin treatment, at a 1:5 split ratio. The cells were exposed to γ-rays by using a 60Coγ-ray source with a dose rate of 0.8Gy/min. Western blot analysis GC-2 cells were washed twice with ice-cold PBS, then proper RIPA and PMSF was added into. The plate was shaken to mix reagents with cells for 30min in 4℃. Cell lysates were centrifuged at 12, 000g for 15 min, and the supernatants were collected for further experiments. The concentrations of Protein were determined by using BCA protein assay kit (Beyotime Biotechnology, China). The protein samples (60μg) were separated by 5% stacking gels and 10% separation gels. The stacking gels received electrophoresis under 50 V for 120 min and the separation gels received electrophoresis under 100 V for 60 min. Proteins were transferred to polyvinylidene fluoride (PVDF) membrane (Millipore Corporate, Billerica, MA, USA). Following transfer, the membranes were blocked with 1×Phosphate buffer (PBS) containing 5% non-fat milk for at least 1 h, then incubated with primary antibodies at 4℃overnight against CyclinB1,CDK1,FAS,FASL, Nrf2,HO-1(Takara, USA).Finally, the membranes were incubated at room temperature for 1 h with horseradish peroxidaseconjugated goat anti-rabbit IgG (diluted 1:5000). Immunoreactivity protein bands were detected using Odyssey CLx Image Studio (LICOR, USA) and normalized against β-actin.
Detection of the cell cycle and apoptosis by flow cytometry
After treatment with taurine or ionizing radiation exposure for 24h, the cells were dissociated by trypsinization, centrifuged at 2500 rpm for 5 min, washed and resuspended at approximately 1× 10 6 cells/ ml in PBS. For cell cycle analysis, the cells were fixed in 75% ice-cold ethanol overnight at 4 °C, then digested with 50μg/ml RNase and stained with 50 mg/ml PI for 15 min at room temperature. The cells were then analyzed by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA). Cellular apoptosis was assayed by flow cytometry using an annexin V-FITC apoptosis detection kit (Beyotime Biotechnology, China). The cells were stained with PI and Annexin V-FITC for 20 min at room temperature in darkness, then fluorescence was quantified by flow cytometry at emission wavelengths of 530 nm and 585 nm.
Oxidative stress status
The accumulation of intracellular ROS was detected by using Reactive Oxygen Species Assay Kit (Beyotime Biotechnology, China) according to the manufacturer's instructions. After treatment with taurine or ionizing radiation exposure, cells were collected and washed with serum-free cell culture medium twice and incubated with DCFH-DA at 37℃ for 30 min in the dark. Cells were then washed three times with serum-free cell culture medium to fully remove DCFH-DA that did not enter the cells. After washed with serum-free cell culture three times, cells were collected with serum-free cell culture medium, spun at 2000 rpm for 5 minutes. The fluorescence intensity was measured by a microplate reader at Ex/Em = 488/525 nm.
Transient transfection of small RNA interference
The GC-2 cells were transfected with Nrf2 siRNA synthesized by GenePharma (Shanghai, China) using Lipofectamine® 3000 reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's recommendations. The siRNA against the mouse Nrf2 were described previously [31] . The sense sequence for the Nrf2 siRNA was 5'-GCCCAUUGAUGUUUCUGAUTT-3', and the antisense sequence was 5'-AUCAGAAACAUCAAUGGGCTT-3'. The sense sequence of negative-control siRNA was 5'-UUCUCCGAACGUGUCACGUTT-3', and the antisense sequence was 5'-ACGUGACACGUUCGGAGAATT-3'. After 24 h of transfection, the cells were treated with 8Gy ionizing radiation or 40mM Taurine.
Quantitative real-time polymerase chain reaction (PCR) analysis
Total RNA of GC-2 cells were extracted by using TRIZOL reagent (Invitrogen, USA) according to the manufacturer's instructions. The first-strand cDNA was synthesized by using M-MLV Reverse Transcriptase Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry (Invitrogen, USA). Oligonucleotide primers for Nrf2 (forward, 5′-AAGAATAAAGTCGCCGCCCA -3′; reverse, 5′-AGATACAAGGTGCTGAGCCG-3′) and 18S (forward, 5′-GAGGGGAGAGCGGGTAAGA-3′ ; reverse, 5′ -TCGGGGTCCGACAAAACCC-3′) were synthesized by Sangon Biotech(Shanghai, China). Quantitative realtime PCR was carried out using the Applied Biosystems™ real-time instruments (Thermo Fisher Scientific, USA). The relative amount of Nrf2 was normalized to the amount of 18S.
Statistical Analysis
All values are expressed as means ± SEM for at least three separate experiments. Statistical significance of differences between data was evaluated by t-test using Prism6（GraphPad Software, Inc.). For each test, P < 0.05 was considered statistically significant.
Results
Taurine attenuated ionizing radiation-induced the GC-2 cells cytotoxicity
To evaluate the cytotoxicity of Taurine, the GC-2 cells were incubated with various concentration of Taurine for 24 h and the cytotoxicity was determined by CCK8 assay. As shown in Fig. 1B , Taurine at between 10 and 80mM did not cause any cytotoxicity in GC-2 cells compared to the control group, and was used for further studies. To test the protective effects of Taurine, GC-2 cells were treated with Taurine for 12 h before being exposed to ionizing radiation. The result of CCK8 assay showed that the treatment of 8Gy ionizing radiation significantly inhabited (P<0.05) cell viability. Whereas pretreatment with 20, 40, 80mM of Taurine decreased (P<0.05) ionizing radiation-induced cytotoxicity in a dosedependent manner (Fig. 1C) . 
Taurine decreased ionizing radiation-induced the GC-2 cells apoptosis
To investigate whether apoptosis is involved in the decline of viability of GC-2 cells by ionizing radiation, cell apoptosis were measured by flow cytometry. As shown in Fig.2A and Fig.2B , an increase in the numbers of apoptotic cells in 8Gy ionizing radiation compared to the control group (P<0.05). Pretreatment with 40mM taurine can significantly decreased (P<0.05) the apoptotic rate of GC-2 cells. Fas and FasL expression levels were determined by Western blotting (Fig. 2C) . The results showed that ionizing radiation activated the Fas and FasL expression compared to the control group (Fig. 2D and Fig. 2E, P<0 .05), and pretreatment with 40mM taurine in GC-2 cells attenuated the expression of Fas and FasL (P<0.05).
Taurine suppressed ionizing radiation-induced the GC-2 cells G2/M arrest
To determine whether cell cycle arrest is associated with the decline of viability of GC-2 cells by ionizing radiation, the G1, S, and G2/M phases were measured by flow cytometry. Compared with the control group, ionizing radiation led to a significant G2/M arrest ( Fig.  3A and Fig. 3B ). The major proteins that modulate the transition from G2 to S phase, such as CDK1 and CyclinB1, were used to further investigate the impact of ionizing radiation on cell cycle of the cells. As shown in Fig.3C , the CDK1 and CyclinB1 protein level in the cells treated with 8Gy ionizing radiation showed significantly decreased(P<0.05) compared to the control group. However, the decline protein level of CDK1 and CyclinB1 in GC-2 cells be reversed by pretreatment with 40mM taurine (Fig. 3D and Fig. 3E, P<0 .05). 
Nrf2/HO-1 signaling was involved in the protective effect of Taurine
Previous study has demonstrated that the increased ROS production was one of the main causes ionizing radiation-induced cell injury [18] .As is shown in Fig.4A and 4B, intracellular ROS was significantly increased in GC-2 cells after exposure to ionizing radiation in a dosedependent manner. However, the increase in ROS was attenuated by pretreatment with 40mM Taurine.
To determine whether the Nrf2/HO-1 signaling was associated with the protective effect of Taurine in GC-2 cells treated with ionizing radiation, Nrf2 and HO-1 was determined by Western blotting. As is shown in Fig.4C , Ionizing radiation can activate Nrf2/HO-1 signal pathways (P<0.05) compared to control group. Furthermore, pretreatment with taurine significantly increased the expression of Nrf2 and HO-1 compared to radiation group (Fig.4D and Fig.4E, P<0.05) .
To further confirm whether the Nrf2 signaling was involved in cell-protective effects of Taurine, the siNrf2 was used in cell survival assay with ionizing radiation cytotoxicity. 
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Apoptosis，also called programmed cell death, is a physiological process to maintain homeostasis in all human cells. Apoptosis occurs via two major pathways-the intrinsic pathway and the extrinsic pathway. The latter is activated by binding to death receptors of tumor necrosis factor superfamily and their cell surface death receptors [33] . Fas ligand (FasL) interacts with its receptor Fas playing key role in apoptotic cell death. It have been reported that the Fas/FasL pathway is upregulation after ionizing radiation and has been linked with ionizing radiation-induced cell death [34] [35] [36] . Heinzelmann and colleagues found that if Fasor FasL-deficiency, there was no characteristic pathological change of radiation-induced pneumonitis [37] . By contrast, overexpression of FASL in inflammatory cells promotes apoptosis induced by radiation pneumonitis [38] . It also found that the Fas/FasL system is a pivotal regulator in modulating germ cell apoptosis [39] . Both Fas and FasL can respond to external environmental changes by regulating germ cell death [40] . Previous study also found that Fas/FasL system may mediate radiation-induced testicular spermatogenic cell apoptosis [41] . In the present study, we demonstrated that acute ionizing radiation exposure significantly increased the Fas and FasL in GC-2 cells. Importantly, pretreatment with taurine significantly inhibited ionizing radiation-induced upregulation of Fas and FasL in GC-2 cells. These results show that taurine could protect from ionizing radiation-induced GC-2 cells apoptosis through attenuated activation of Fas/FasL system. Proliferation inhibition may be caused by cell cycle arrest. The cell cycle makes up three periods called the gap phase (G1 and G2), the DNA replication stage (S stage) and the mitotic phase (M stage) [42] . The CDK1 / CyclinB1 complex is the major regulator that modulates the transition from G2 to M phase [43] . In the current study, we found ionizing radiation led to a significant decrease cell viability and G2/M arrest. The result is consistent with previous studies. Both the studies showed the G2/M arrest was eminent after ionizing radiation exposure [44, 45] . To identify whether CDK1 / CyclinB1 complex is contributes to the G2/M 
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Cellular Physiology and Biochemistry arrest by ionizing radiation, western blotting was used to detect the expression of CDK1 and CyclinB1. Ionizing radiation significantly attenuated the expression of CDK1 and CyclinB1. Surprisingly, pretreatment with 40mM taurine can restore their reduced expression and G2/M arrest. Thus, G2/M arrest may also contribute to execution of ionizing radiationinduced GC-2 cells damage. Taurine could protect against radiation-induced damage via inhibiting decrease of CDK1 / CyclinB1 complex in GC-2 cells. A growing body of evidence suggests that increased ROS production leads to ionizing radiation-induced tissue and oxidative DNA damage [46] . In the current study, we found that intracellular ROS levels were increased in a radiation dose-dependent manner. In many types of cells, numerous cellular responses to oxidative stress was found to be involved in signal transduction of proteins through antioxidant components, nuclear factor erythroid 2-related factor 2 (Nrf2) [47] . As a basic leucine transcription factor, Nrf2 transcriptionally regulates many genes expression including HO-1 [48] . Previous study has demonstrated that activation of the Nrf2/HO-1 signaling pathway benefits to early recovery of hematopoietic and gastrointestinal systems and decreased mortality following ionizing radiation in mice [49] . Moreover, The loss of Nrf2 in mouse leads to increased oxidative stress and more sensitive to ionizing radiation-induced bone less [50] . In the current study, our results showed that Nrf2/HO-1 signaling pathway was activated in GC-2 cells after ionizing radiation exposure. Importantly, pretreatment with taurine significantly attenuated ionizing radiation-induced ROS and increased the expression of Nrf2 and HO-1. Furthermore, Taurine failed to suppress ionizing radiation-induced cytotoxicity in the presence of the siNrf2. Therefore, taurine could prevent GC-2 cells from ionizing radiation-induced damage via activation of Nrf2/ HO-1 signaling.
In summary，the results obtained in this study demonstrated that taurine is able to reduce ionizing radiation-induced damage in GC-2 cells via regulating multiple mechanisms including (1) inhabiting the down-regulation of CyclinB1 and CDK1;(2)regulating Fas/FasL system dependent pathway;(3)decreasing the generation of ROS and activating Nrf2/HO-1 signaling. The protective effects of taurine to attenuate ionizing radiation-induced GC-2 cells damage are, at least in part, modulated through the activation of Nrf2/HO-1 signaling. Our results provide evidence for taurine to prevent GC-2 cells from damage caused by ionizing-radiation. However, considering the restrictions of in vitro study, it is impossible to clearly clarify whether taurine can pass the blood-testis barrier and can affects the normal spermatogenesis. Thus, additional investigations are required to confirm the effect of taurine in vivo.
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